Risk-assessment studies of virus-resistant transgenic plants (VRTPs
INTRODUCTION
The use of virus-resistant transgenic plants (VRTPs) in agroecosystems is a considerably effective strategy to protect crops from severe diseases caused by plant viruses (Tepfer, 2002) . Since VRTPs initially were reported (Powell-Abel et al., 1986) numerous plants have been developed that confer resistance to viruses (reviewed by Beachy, 1997; Tepfer, 2002) . However, beside the benefits of VRTPs, it has been suggested that the release of transgenic plants into agro-ecosystems might engender ecological risks (reviewed by Tepfer, 2002) . In the case of virus infections, two major types of potential risks arising from VRTPs have been considered. The first is * Corresponding author: maiss@ipp.uni-hannover.de recombination, while the second encompasses synergy, heterologous encapsidation and complementation. The second type consists of phenotypic effects that do not affect the viral genome. It also was shown that heterologous encapsidation and complementation can be suppressed by alterations in the transgene . In contrast, recombination leads to genomic modifications of viral genomes and has been assumed to be of greater impact, because mutant or recombinant genomes are heritable and may possibly result in the emergence of competitive viruses with altered biological properties Tepfer, 1999a, Tepfer, 2002) . For example, it was demonstrated by Wintermantel and Schoelz (1996) that viable and competitive recombinant Cauliflower mosaic virus could arise frequently from VRTPs under conditions of moderate or weak selection pressure.
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Potyvirus is the largest genus of plant viruses (reviewed by López-Moya et al., 2000; Urcuqui-Inchima et al., 2001 ) with several species, such as Potato virus Y (PVY), Plum pox virus (PPV) or Tobacco vein mottling virus (TVMV), causing severe agronomic losses. A series of VRTPs have been generated to control different potyviruses including the above-mentioned PVY (Lawson et al., 1990) , TVMV (Moreno et al., 1998) and PPV (López-Moya et al., 2000) , respectively. The possibility of RNA recombination in VRTPs has been demonstrated in general (Greene and Allison, 1994; Rubio et al., 1999) and has been confirmed for plants carrying a potyviral transgene . However, the recombination events mentioned above were observed in experimental systems with high selection pressure, in which defective viral genomes were restored by recombination with the mRNA of a transgene of the same virus or a closely related virus strain leading to viable viruses. In contrast, several recombinants of natural origin have been detected from recombination events between strains of individual potyvirus species in non-transgenic plants, as reported for PPV (Cervera et al., 1993; Glasa et al., 2002; , Lettuce mosaic virus (Krause-Sakate et al., 2004) , Turnip mosaic virus (Tan et al., 2004) or PVY (Glais et al., 2002) . Therefore, recombination is regarded to be an important process for generation of viral RNA variability leading to new potyviral strains. Recombination within potyviruses has been shown to occur by a template-switching model (Gal-On et al., 1998) . Within potyviral populations recombination can be rather frequent (Revers et al., 1996) reaching up to 7% as shown for Watermelon mosaic virus (WMV; Moreno et al., 2004) . Additionally, natural recombination crossover sites within the above mentioned viruses have been determined (Cervera et al., 1993; Glais et al., 2002; Glasa et al., 2004) . Therefore, the presence of such recombination hot spots in transgenes could lead to an increased probability for recombination in VRTPs. However, at present there are no risk-assessment studies evaluating the occurrence and frequency of recombinational gene flow from potyviral transgenes to challenging potyviruses.
To establish whether incidence of recombination is higher in transgenic plants, a baseline reflecting the natural recombination situation is needed. Because recombination can occur in mixed infections between virus strains or between closely related viruses, it was suggested by Aaziz and Tepfer (1999a) that these events could be used as a baseline in risk-assessment studies for an estimation of the natural recombination incidence in double-infected plants. Using this baseline of recombination obtained under natural conditions, comparisons and calculations can be made with the occurrence and frequency of recombination events in VRTPs. Finally, this would allow an estimation of whether VRTPs contribute to an increased rate of recombination, or if recombination in these plants occurs in the range of the natural recombination frequency in a double-infected plant.
Based on the approach suggested by Aaziz and Tepfer (1999a) , experiments were designed to investigate whether recombination occurs in potyviral mixed infections or in transgenic plants expressing potyviral sequences and infected with a heterologous potyvirus under experimental conditions. For this purpose, reversetranscription, polymerase chain reaction (RT-PCR) techniques were developed to screen non-transgenic plants for recombinants after double-infection with the virus pairs potato virus A (PVA)/O-strain of PVY (PVY-O), the non-aphid transmissible PPV (PPV-NAT)/TVMV or PPV-SK68/Hungarian strain of PVY (PVY-H), respectively. Subsequently, transgenic plants expressing potyviral sequences of PPV-NAT coat protein (CP) (PPV-NAT-CP), PVY helicase (CI) or PVY polymerase (NIb) (PVY-CI, PVY-NIb), respectively, were infected with either one or two potyviruses and also screened for the occurrence of recombinant sequences.
RESULTS AND DISCUSSION

Identification of identical sequence clusters between potyvirus combinations
The basic requirement for RNA recombination is the presence of very similar or identical parental templates in the same region of the corresponding genomes that enable template switching of the RNA-dependent RNApolymerase (Bujarski and Nagy, 1996) . Because recombination was investigated in the virus combinations PPV-NAT/TVMV, PPV-SK68/PVY-H and PVY-O/PVA, genomic sequences were screened first for high sequence similarities to identify putative recombination sites. Clustal X sequence alignments of the potyviral cistrons revealed sequence identities between 33% and 62% between sequence clusters (Tab. 1). In the case of PPV-NAT/TVMV, two perfect conserved regions with a length of 16 nt and 18 nt, respectively, were found in the NIb and the CP. High similarities of 88% within two conserved sequence stretches of 43 nt and 35 nt were recognised in the CI and NIb cistrons, respectively, between PVY-O and PVA (Tab. 1). The comparison of PPV-SK68 and PVY-H showed two conserved regions in the genomic 3 -part (NIb, CP) consisting of 28 and 29 nt stretches with similarities of 96% and 93%, respectively. The observed similarities corresponded with the alignment data of Shukla and Ward (1988) . Bujarski and Nagy (1996) showed for Brome mosaic virus that sequence similarities of at least 15 nt between RNA2 and RNA3 were sufficient to promote efficient RNA2/RNA3 recombination, while sequence identities of nine or fewer nucleotides reduced the level of detectable recombinants. Therefore, the length of sequence identities observed between the potyviruses was evaluated to be sufficient for generation of recombinant potyviral genomes.
Because natural recombination sites are mainly located in the 3 -end of PPV (Cervera et al., 1993; Glasa, 2002) and PVY (Boonham et al., 2002; Glais et al., 2002) , the major search for recombinants focussed on the 3 -end of the potyviral genomes ( Fig. 1 ). Additionally, due to the high similarity values between PVY and PVA, the central region (CI, see Figs. 1D and 1E) was screened for recombination.
RT-PCR to identify potyviral recombinants
Different RT-PCR procedures were developed depending on the respective virus combinations (see below). RNase H − reverse transcriptases were used to prevent possible in vitro recombination events during amplification that can be due to RNase H + activity (Fernandez-Delmond et al., 2004) .
For the detection of recombinants, sets of primers specific for each of the viruses were developed (Tab. 2) and used in combinations given in Table 3 . The primers for PPV-NAT/TVMV spanned the 3 -region (3 -half of NIa, NIb, CP and parts of 3 -UTR, see Figs. 1B and 1C) of each virus, whereas one pair of primers amplified a fragment of about 1-1.5 kb from the parental templates. The primers were designed to have similar annealing temperatures to perform RT-PCR reactions under standardized conditions as described in Materials and Methods.
To amplify recombinant potyviral sequences, a sense primer of virus A (e.g. P8+ from PPV-NAT) was used in conjunction with the antisense primer of virus B (e.g. T8-from TVMV). Table 3 gives an overview of the primer pairs that were used. After optimization of the RT-PCR conditions (not shown) the sensitivity was evaluated for primers T10+/P10-( Fig. 2A ) using artificial recombinant sequences. In vitro-generated transcripts of a PPV-NAT/TVMV chimeric sequence were successively diluted and used for RT-PCR with primers T10+/P10-in the presence of RNA from a PPV-NAT/TVMV double-infected plant. With this approach one recombinant molecule within 10 6 parental molecules was detectable (not shown). The sensitivity tested with the primers A-CI1/Y-CI3 using a PVY/PVA chimeric sequence was shown to be 1:10 5 , as was the sensitivity of detection of either PVA RNA or PVY RNA using the various homologous primer combinations (data not presented). In a similar approach for the detection of recombinant plant viruses from transgenic plants, Koenig and Büttner (2004) reported a detection limit of 1:10 6 . Due to the possibility of generating recombinational artefacts during the RT-PCR amplification (see above) the primer combinations (Tab. 3) were tested using a mixture of RNA extracted from two single-infected plants. As demonstrated in Figure 2B for the primer combinations T8+/P8-, P8+/T8-, T10+/P10-and P10+/T10-, no artificial recombinant sequences were detected. This also was the case for all other primer pairs tested with other virus combinations (not shown). Therefore, sensitive and C. Dietrich et al. No recombination in artificial potyvirus infections reliable RT-PCR protocols for the detection of recombinant molecules in the presence of parental molecules were developed.
Screening double-infected non-transgenic plants and single-infected transgenic plants for potyviral recombinants
The occurrence of recombinant potyviruses was investigated in mixed infections of potyviruses and in potyvirus-infected transgenic plants expressing a potyviral sequence. The formation of recombinant potyviral sequences was scrutinized in three different potyvirus combinations (see above and Table 3 shown). In all virus/virus combinations, as well as in the virus/transgenic plant approaches, no recombinant potyviruses were detected. Any RT-PCR products that were very rarely amplified with given primer combinations were shown by sequencing to results from non-specific amplification of one of the inoculated potyviruses (not shown).
The systems described above include VRTPs that expressed either low levels of the transgene (PVY NIb and PVY CI; unpublished data), or the transgene at levels sufficiently to detect accumulation of CP (PPV CP; . The former depicts the situation most likely to be seen in the field, since most plants that will be used for resistance will be selected to show C. Dietrich et al. resistance immediately to the homologous virus and this occurs predominantly by an RNA silencing mechanism (Beachy, 1997) . By contrast, the latter example allowed us to explore recombination under conditions when the transgene expression level is high, such as situations when the RNA silencing of the transgene is suppressed by the expression of a RNA silencing suppressor protein of a heterologous virus (Savenkov and Valkonen, 2001 ). In the case of the PVY NIb and CI transgenic plants, the transgenes were not subject to RNA silencing suppression by infection with PVA (unpublished data).
In spite of sequence identities up to 60% and with perfect conserved regions of about 18 nt in our virus/virus and virus/transgene combinations, this degree of sequence identity does not seem to be sufficient for effective and compatible recombination events between different potyviruses. Even if recombination is considered to be frequent within potyvirus populations (Bousalem et al., 2003; Moreno et al., 2004; Revers et al., 1996) , our data indicate that recombination between different potyviruses is a rather uncommon event. A similar observation has been made by Meier and Truve (2006) , who did not detect any recombinants in oat plants doubleinfected by two sobemoviruses (Cocksfoot mottle virus and Ryegrass mottle virus). This may arise from the absence of certain recombination enhancing sequence motifs neighboring identical regions in Brome mosaic virus that have been reported by Bujarski and Nagy (1996) . In the case of potyviruses, in which the whole genome consists of one large open reading frame, only accurate inframe-exchanges can result in functional genomes. This may impose an additional limitation on recombinants involving potyviruses. But even if viable recombinants arise, it can be speculated that the resulting recombinant progeny is not necessarily competitive as shown by Fernandez-Delmond et al. (2004) . These findings are in accordance with the conclusions of Gibbs (1994) , that recombination among plant viruses occurs preferably between viruses of one group (intra-group, see above) and is less abundant between viruses of different groups (intergroup). Moreover, a high degree of sequence identity does not necessarily result in the formation of recombinant viruses as demonstrated by Koenig and Büttner (2004) for two strains of Beet necrotic yellow vein virus.
There are few data that report recombination events between different plant viruses, leading to viable and competitive viruses. This was shown for recombination between the cucumoviruses CMV and tomato aspermy virus (TAV) (Fernandez-Cuartero et al., 1994) . Also, viable Sugarcane yellow leaf virus arose from a recombination event in a luteovirus/polerovirus combination (Moonan et al., 2000) . In the absence of specific selection pressure, we cannot rule out that in the investigated potyvirus combinations tested recombination occurred below the detection limit or in genomic regions that were excluded from the screening. However, in the case of the mixed inoculum of PVA and PVY applied to PVY-resistant transgenic tobacco plants, no recombinants PVY with PVA CI or NIb sequences were detected, despite the strong selection pressure against PVY infection. This may indicate that the recombinant viruses, if formed, were not viable. This was similar to the situation with TAV/CMV recombinants obtained under low/no selection pressure (de Wispelaere et al., 2005) . Aaziz and Tepfer (1999b) found three recombinant sequences in 83 doubleinfected plants. Thus, the number of plants examined in this work should have been sufficient to detect possible recombinant sequences. It was reported by , that recombination in the CP coding region only occurred if the complete 3 -UTR was present. In our experiments in N. benthamiana line 17.27.4, the 3 -end was partially deleted and therefore, recombination in this line was assumed to be less likely than in line 4.30.45. It should be mentioned that recombination resulting from a single switch between transgenic mRNA and viral RNA appears to be more likely than recombination events resulting from a double switch Greene and Allison, 1994; . While, in mixed infections in non-transgenic plants and in N. benthamiana line 4.30.45 (with a complete 3 -UTR) the primer combinations used were able to detect recombinants resulting from a single switch, all other primer pairs given in Table 3 would have detected double recombinants, if they had occurred. Even if the likelihood of detecting single-switch recombinants was most likely in line 4.30.45 (or in mixed infections), no recombinants were detected. However, in VRTPs recombinants are only of significance if they are competitive and display aberrant biological properties like enhanced symptom severity (Tepfer, 2002) . Consequently, in terms of risk assessment of VRTPs, it can be concluded from our data, that recombination between sequences of different potyviruses, at least for the presented virus/virus and virus/transgene combinations, is negligible and does not promote a frequent emergence of recombinant progenies.
Future risk assessment of VRTPs
These results provide basic information for future risk assessment studies. For the identification of recombination hot spots it will be reasonable to investigate virus combinations that previously have been shown to be compatible for recombination, such as CMV/TAV (see above) or different strains of one virus. In the latter case it could be advantageous to perform experiments with different strains of PVY, since intra-specific recombination occurs between PVY strains (Glais et al., 2002) . Because of the genome compatibility of PVY strains, the No recombination in artificial potyvirus infections probability of finding recombinants of PVY/PVY is expected to be higher than detecting recombinants between PPV/TVMV, PPV-SK68/PVY-H or PVA/PVY-O. However, we can not state categorically that the time frame from inoculation to RNA isolation (up to four weeks) was sufficient to generate recombinant genomes, since Jridi et al. (2006) have recently shown that sequence heterogeneity in PPV occurred in a plum tree over 13 years after a single infection. In future studies, the experimental design should critically address the period from inoculation to detection of recombinant viruses.
Additionally, comparison of recombination frequencies of mixed infected non-transgenic plants with those of single infected VRTPs (Aaziz and Tepfer, 1999a) may not necessarily be appropriate. Dietrich and Maiss (2003) demonstrated spatial separation of viral populations in mixed infections, wherein only a few cells were double-infected. In contrast, in infected VRTPs, viral and transgene sequences are present in all infected cells. Therefore, a recombination frequency obtained from mixed infections is not necessarily comparable with one from virus infected VRTP, because the extent of the presence of the recombination partners (virus/virus or virus/transgene) is not the same in both systems. Nevertheless, the high frequency of recombinants detected between Watermelon mosaic virus isolates (Moreno et al., 2004) and the ready detection of recombinants involving other potyvirus strains indicate that the low number of double-infected cells is not a significant impediment to recombination among potyviruses.
MATERIALS AND METHODS
Viruses and viral full-length clones
The infectious full-length clone p35PPV-NAT of the non-aphid transmissible strain of PPV (Maiss et al., 1992) as well as wildtype virus isolates of TVMV (PV-0253, DSMZ, Germany), PVA (SCRI collection), PVY-O (SCRI collection), PPV-SK68 (Palkovics et al., 1993) and PVY-H (Thole et al., 1993) were used in the respective experiments.
Transgenic plants
Two different transgenic homozygous N. benthamiana lines expressing PPV-CP were used . Line 14.27.4. expresses the CP and the C-terminal 36 amino acid residues of the adjacent NIb protein of the aphid transmissible strain of PPV. It also contains a truncated 3 -NTR with 54 bp present downstream of the CP gene. A second homozygous transgenic N. benthamiana line (4.30.45) was transformed with the PPV-NAT-CP gene and the entire 3 -NTR. The PPV transgenic N. benthamiana lines both contain single copies of the respective transgene and express the viral protein as shown by . The plants display a recovery resistance phenotype (Korte et al., 1995) .
PVY-transgenic N. tabacum cv. 'Samsun' (NN) expressing sense and antisense of PVY-CI (Line 10-E, obtained from H. Barker, SCRI) or PVY-NIb (Line 10-7; Audy et al., 1994) were used to assess recombination between PVA and a PVY transgene. These lines both express only low levels of transgene (unpublished data).
Inoculation of plants and sampling
Infectious full-length cDNA of p35PPV-NAT was inoculated onto non-transgenic N. benthamiana plants by biolistic delivery as described previously (Dietrich and Maiss, 2002) . PPV-NAT, TVMV, PPV-SK68 and PVY-H were maintained under standard greenhouse conditions in non-transgenic N. benthamiana plants. Transmission of virus was done by mechanical inoculation of plants with crude plant sap onto Celite-dusted leaves using approx. 0.5 g infected plant tissues ground in 2 mL 0.03 M HEPES buffer (pH 7). Mixed infections of non-transgenic plants with PPV-NAT and TVMV were carried out by using a mixture of equal amounts of plant sap obtained from plants singly infected with one of each virus. VRTPs were treated as described above with plant sap containing one virus.
PVY-O and PVA were maintained on N. tabacum cv. 'Samsun' (NN). Leaves of single-infected plants were extracted in water, and the extracts were rub inoculated onto Carborundum-dusted plants of either non-transgenic tobacco or N. tabacum cv. 'Samsun' (NN) transgenic Line 10-7 (NIb) or Line 10-E (CI). Extracts from singleinfected plants were mixed and used as inoculum to obtain double-infections by PVA and PVY-O.
Sampling and RNA extraction (see below) were carried out two to four weeks after inoculation.
RT-PCR
Different enzymes have been tested and used in RT-PCR. In the PPV-NAT/TVMV and PPV-SK68/PVY-H approaches a one-step RT-PCR procedure with the SuperScript TM One-Step RT-PCR Kit with Platinum Taq (Invitrogen). In a 25 μL reaction 0.3 μL of the polymerase mixture was used with 0.5 μM primers, 2 mM MgSO 4 , 2 μL RNA extract and the recommended 2 X buffer. The reaction was carried out in a Thermocycler (T3, Biometra) at 45
• C/30 min, 94
• C/2 min, 25 × (94
• C/15 s, 64
• C/30 s, 72
• C/90 s) and a final extension at 72
• C for 10 min. Primers used for PPV-NAT/TVMV are listed in Table 2 . The presence of the PPV-transgenes in the transgenic N. benthamiana lines 17.27.4 and 4.30.45 was verified with the primers PPV-det1 (TCTCTGCCAAAGGTGAAGGGA) and PPV-det2 (GGTTCCGACGTTTCCATCCA).
For the combination PVY-O/PVA, the following RT-PCR conditions were used. 1 μg RNA was incubated with 1 μL primers (5 pmol·μL −1 ) and water was added to a final volume of 9 μL. The mixture was incubated at 65
• C for 5 min before cooling to room temperature. Reverse transcription was done at 37
• C for 1 h using 200 U MMLV-RT (RNase H − , Promega) with the recommended 10 X reaction buffer, 2 μL 25 mM MgCl 2 , 2 μL BSA (0.1%), 1 μL DTT (0.1 M), 40 U RNasIn and filled up to 20 μL with water. PCR reactions were done with 0.2 μL RT mix, 1 μL 10 X PCR buffer, 1.25 μL 25 mM MgCl 2 , 0.4 μL dNTPs (10 mM), 1 μL of each primer (10 pmol·μL −1 ), 1 U Taq-Polymerase (Boehringer) and water to 20 μL. The mixture was incubated at 94
• C/5 min, and then 30 cycles of 94
• C/30 s, 55
• C/90 s, and a final extension step at 72
• C for 10 min.
Plasmid construction and in vitro transcription
Plasmids containing chimeric sequences of viruses have been constructed to serve as a positive control for the detection of recombinants and to determine the detection limit with the primers T10+/P10-in RT-PCR. A plasmid with a PPV-NAT/TVMV chimeric sequence was prepared by digesting a TVMV full-length clone (pXBS; Domier et al., 1986) with BamHI/EcoRI and cloning a 1748 bp fragment into pTrueBlue (Slilaty and Lebel, 1998) giving pTB_10T. After digestion of p35PPV-NAT (Maiss et al., 1992) with EcoRI/SacI, a 836 bp fragment was fused to the TVMV sequence of pTB_10T (pTB_10TP).
RNA transcripts of pTB_10TB were obtained after linearizing the plasmid with PvuII and transcription (T7 Transcription Kit; Fermentas) according to the manufacturer's instructions.
The PVY-O/PVA CI chimeric plasmid pAY10 was generated for the determination of the detection limit of the primers A-CI1/Y-CI3. The insert consisted of PVA sequences (2914−4047) fused to PVY-O sequences (4192−5557) at the common BamHI site.
RNA isolation methods
For RNA isolation, primary and systemically infected leafs of transgenic or non-transgenic N. benthamiana and N. tabacum cv. 'Samsun' (NN) were taken. Total RNA of transgenic or non-transgenic plants infected with either PPV-NAT or TVMV or both have been prepared according to Menzel et al. (2002) . RNAs from PVA and/or PVY-O infected tobacco plants and doubleinfected PPV-SK68/PVY-H non-transgenic N. benthamiana plants were extracted using the RNAEasy plant RNA mini-extraction kit (QIAGEN), according to the manufacturer's instructions.
